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In  this  work,  nanoporous  PdCu  alloys  (np-PdCu)  with  predetermined  bimetallic  ratios  are  fabricated 
by  selectively  dealloying  PdCuAl  ternary  alloys  in  1.0  M  NaOH  solution.  Electron  microscope  and  X-ray 
diffraction  characterizations  show  that  the  nanoporous  metals  have  three-dimensional  bicontinuous 
ligament-pore  structure  with  uniform  ligament  size.  Electrochemical  measurements  demonstrate  that 
np-PdCu  has  greatly  enhanced  electrocatalytic  activity  and  structure  stability  towards  formic  acid  oxi¬ 
dation  (FAO)  compared  with  nanoporous  Pd  (np-Pd).  The  surface  specific  activities  of  the  nanoporous 
metals  follow  the  order  that  np-PdsoCuso  >  np-Pd7sCu25  >  np-Pd3oCu7o  >  np-Pd.  The  peak  current  density 
on  np-Pd5oCu5o  shows  the  highest  value,  which  is  about  six  times  of  that  on  np-Pd.  The  alloy  ratio  also  has 
a  significant  effect  on  the  electrocatalytic  behavior  of  the  PdCu  alloy  towards  FAO.  When  the  Cu  content 
is  lower  than  50  at.%,  the  FAO  is  mainly  through  the  direct  pathway;  when  the  Cu  content  reaches  70  at.%, 
the  FAO  through  the  CO  pathway  increases.  Moreover,  electrochemical  stripping  experiment  and  contin¬ 
uous  potential  scan  demonstrate  that  np-PdsoCuso  has  a  better  resistance  to  CO  poisoning  and  enhanced 
structure  stability  compared  with  other  alloy  samples.  These  results  indicate  the  potential  application  of 
the  np-PdsoCuso  in  direct  formic  acid  fuel  cell. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  oxidation  of  formic  acid  has  attracted  increas¬ 
ing  attention  due  to  the  great  potential  in  direct  formic  acid 
fuel  cell  (DFAFC)  applications  [1-3].  Recently,  Pd-based  catalysts 
were  found  to  possess  superior  performances  towards  formic 
acid  oxidation  (FAO)  compared  with  Pt-based  catalysts  [4-8].  It 
is  generally  accepted  that  formic  acid  molecules  are  oxidized 
on  Pd  catalysts  in  line  with  a  direct  dehydrogenation  reaction 
mechanism  to  form  C02  with  less  CO-like  poisoning  species  gen¬ 
erated,  which  is  different  from  that  of  Pt  catalysts  with  the  main 
self-poisoning  dehydration  reaction  pathway  [4-8  ].  Therefore,  con¬ 
siderable  efforts  have  been  made  to  develop  a  variety  of  Pd  catalysts 
towards  FAO  [9-13].  It  has  also  been  demonstrated  that  combina¬ 
tion  of  a  second  component  (such  as  Pt,  Au,  Co,  Ir,  etc.)  with  Pd  is  an 
effective  strategy  to  further  enhance  its  catalytic  activity  [14-17]. 
The  enhancement  is  mainly  due  to  the  weakening  of  the  adsorption 
of  inhibiting  reaction  intermediates  on  catalyst  surface,  which  has 
been  explained  by  the  electronic,  strain,  or  alloying  effects  [18,19]. 
However,  the  combination  of  a  non-noble  metal  component  which 
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can  enhance  both  the  catalytic  activity  and  stability  of  Pd  is  still 
challenging. 

Recently,  it  has  been  demonstrated  that  Cu  as  an  assistant  com¬ 
ponent  plays  an  important  role  for  the  enhancement  of  the  catalytic 
activity  of  noble  metals  such  as  Pt  and  Pd  [20-26].  Based  on  a 
series  of  experimental  and  theoretical  studies,  Mavrikakis  et  al.  [20] 
proposed  that  the  Pt/Cu  near  surface  alloy  is  a  promising  catalyst 
for  low-temperature  water-gas-shift  reaction  due  to  the  reduced 
CO  surface  binding  energy.  Zhou  et  al.  [21]  observed  a  high  cat¬ 
alytic  activity  of  Cu-Pt  core-shell  nanoparticles  for  NO  reduction 
where  they  considered  that  the  most  active  phase  of  the  catalysts 
had  Cu  preferentially  located  in  the  sub-surface  layers.  Strasser 
et  al.  [22,23]  reported  that  dealloyed  Pt/Cu  alloy  nanoparticles  (a 
Pt  shell  and  PtCu  alloy  core  nanostructure)  exhibited  an  excel¬ 
lent  activity  for  oxygen  reduction  reaction  (ORR).  Wang  and  Lu 
reported  the  effects  of  different  Cu  precursors  on  the  microstruc¬ 
tures  of  the  formed  PdCu  alloy  nanoparticles  and  their  catalytic 
activities  for  CO  oxidation  [24].  It  was  observed  that  for  the  PdCu 
alloy  obtained  by  using  CuCl2  as  Cu  precursor,  Pd  species  would 
segregate  on  the  particle  surface,  which  results  in  higher  catalytic 
activity  [24].  The  enhanced  electrocatalytic  activities  of  PdCu  alloys 
for  ORR  and  methanol  oxidation  have  also  been  reported  [25-27]. 
The  results  mentioned  above  indicate  that  Pd(Pt)Cu  alloys  with 
Pd(Pt)  rich  shell  and  alloy  core  have  enhanced  catalytic  activities 
compared  with  pure  Pd(Pt).  On  the  other  hand,  the  high  catalytic 
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activity  for  CO  oxidation  and  weak  metal-CO  band  strength  indi¬ 
cate  that  PdCu  alloy  may  be  a  good  electrocatalyst  for  FAO  through 
the  direct  dehydrogenation  pathway.  For  the  preparation  of  Cu- 
based  alloy  nanomaterials,  however,  they  are  usually  prepared  by 
wet-chemical  process  with  the  excessive  use  of  surfactant  and 
organic  chemicals  at  high  temperatures.  Besides,  it  is  hard  to  control 
both  the  morphology  and  the  alloy  ratio  of  the  alloy  nanomaterials 
simultaneously  during  the  metal  salts  reduction  process. 

Recently,  dealloying  of  alloys  has  been  demonstrated  to  be 
very  powerful  in  generating  three-dimensional  (3D)  bicontinu- 
ous  nanoporous  metal  materials  [27-33].  When  used  as  catalyst, 
nanoporous  metal  materials  have  some  advantages  compared  with 
metal  nanoparticles:  (1)  it  is  free  of  particle  agglomeration  and 
can  be  easily  employed;  (2)  prepared  in  concentrated  acidic  or 
alkaline  solution  (without  any  surfactants),  the  surface  of  the 
nanoporous  metals  is  extremely  clean;  (3)  prepared  by  simple  deal¬ 
loying  instead  of  metal  salts  reduction,  this  method  can  achieve  a 
nearly  1 00%  yield  with  essentially  no  precious  metal  loss.  Using  the 
dealloying  strategy,  nanoporous  PdCu  alloys  (np-PdCu)  have  been 
successfully  prepared  in  our  previous  work,  which  shows  remark¬ 
ably  enhanced  electrocatalytic  activity  towards  the  oxidation  of 
organic  small  molecules  compared  with  np-Pd  [27].  However,  the 
effect  of  alloy  ratio  on  the  electrocatalytic  activity  of  the  np-PdCu 
alloy  is  still  lacking. 

In  this  work,  np-PdCu  alloys  with  different  alloy  ratios  are 
fabricated  by  selectively  dealloying  PdCuAl  ternary  alloys.  It  is 
interesting  to  find  that  the  alloy  ratio  has  a  significant  effect  on 
both  the  catalytic  activity  and  behavior  (the  pathway  of  FAO)  of 
the  alloy  catalyst.  With  remarkably  improved  catalytic  activity  and 
stability,  np-Pd5oCu5o  holds  great  promise  as  anode  catalysts  in 
DFAFC. 


2.  Experimental 

PdCuAl  alloy  foils  (~50  |jim  in  thickness)  were  made  by  refining 
pure  Pd,  Cu,  and  Al  (>99.9%)  at  high  temperatures  in  an  arc  fur¬ 
nace  under  the  protection  of  argon,  followed  by  melt-spinning  as 
reported  in  our  previous  work  [27].  Al  atomic  content  in  all  alloy 
foils  was  controlled  to  be  80  at.%.  The  atomic  ratio  between  Pd  and 
Cuis3:l  (namely  PdisCusAlgo),  1:1  (namely  PdioCuioAl8o) and  1:3 
(namely  Pd6Cui4Al80).  All  the  nanoporous  metals  were  prepared 
by  dealloying  the  alloy  foils  in  1  M  NaOH  solution  for  24  h. 

The  catalyst  ink  was  made  by  sonicating  a  mixture  of  2.0  mg 
nanoporous  metal  catalysts  powder,  1.0  mg  carbon  powder,  300  |xL 
isopropanol,  and  100p,L  Nafion  solution  (5wt.%)  for  30  min.  The 
catalyst  ink  (4  jaL)  was  placed  on  a  polished  glassy  carbon  electrode 
(GCE,  4  mm  in  diameter)  and  dried.  Prior  to  each  measurement, 
the  electrolytes  were  deoxygenated  with  high-purity  N2  for  at 
least  30  min.  Considering  that  Cu  atoms  on  np-PdCu  surface  may 
be  unstable  in  acid  electrolytes,  all  the  electrocatalytic  measure¬ 
ments  were  recorded  after  the  modified  electrodes  reached  the 
steady  state  in  1.0  M  H2SO4  solution  by  continuous  cyclic  voltam¬ 
metry  scanning  from  0  to  1.35  V  vs.  RHE  (namely  pretreatment). 
All  electrochemical  measurements  were  performed  on  a  CHI  760C 
electrochemical  workstation.  A  three-electrode  system  was  used 
with  a  modified  GCE  as  working  electrode,  a  Pt  foil  as  counter 
electrode,  and  a  mercury  sulfate  electrode  (MSE)  as  reference 
electrode.  All  potentials  were  referred  to  RHE  unless  otherwise 
specified.  The  current  densities  were  normalized  by  both  the 
active  surface  area  and  mass  of  Pd.  The  electrochemical  active 
surface  areas  (EASA)  of  the  Pd-based  electrodes  were  calculated 
based  on  literature  [34].  EASA  (cm2  )^  Charge/424,  where  Charge 
is  obtained  by  integrating  the  charge  associated  with  Pd  oxide 
reduction  and  424|xCcm-2  is  the  palladium’s  conversion  factor 
[34]. 
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Fig.  1-  XRD  patterns  of  PdCuAl  and  PdAl  alloys  before  (a)  and  after  (b)  dealloying.  For 
comparison,  the  standard  patterns  of  Pd,  Cu  and  Al  are  also  attached.  The  dealloying 
was  carried  out  in  1  M  NaOH  aqueous  solution  for  24  h  at  room  temperature. 


Powder  X-ray  diffraction  (XRD)  data  were  collected  on  a 
Bruker  D8  advanced  X-ray  diffractometer  using  Cu  Ka  radiation 
(A,  =  1.5418  A)  at  a  scan  rate  of  0.04°  s_1.  The  micro-structures 
of  all  samples  were  characterized  on  a  JEOL  JSM-6700F  field 
emission  scanning  electron  microscope  (SEM)  equipped  with  an 
Oxford  INCA  X-sight  energy  dispersive  X-ray  spectrometer  (EDS), 
and  a  JEM-2100  high-resolution  transmission  electron  microscope 
(TEM).  Surface  composition  and  property  of  np-PdCu  alloys  were 
analyzed  with  an  ESCALab250  X-ray  photoelectron  spectroscopy 
(XPS). 

3.  Results  and  discussion 

3.1.  Preparation  and  characterization  of  the  prepared 
nanoporous  alloys 

Considering  the  more  active  property  and  rich  supply  of  Al, 
Al-based  alloys  were  chosen  as  the  precursor  alloys.  The  nomi¬ 
nal  compositions  of  the  precursor  alloys  are  Pd20Al80,  PdisCusAlgo, 
PdioCui0Al80,  and  Pd6Cu14Al80,  which  are  predetermined  by 
controlling  the  initial  feed  ratio  and  further  confirmed  by  com¬ 
positional  analysis  with  EDS.  Fig.  la  shows  the  XRD  patterns 
of  all  precursor  alloys.  Upon  detailed  analysis,  the  PdAl  alloy  is 
composed  of  Al  and  Al3Pd  (denoted  as  1)  phases.  The  diffrac¬ 
tion  pattern  of  Pdi5Cu5Al80  alloy  is  similar  to  that  of  PdAl  alloy. 


126 


C.  Xu  et  al.  /  Journal  of  Power  Sources  199  (2012)  124-131 


Fig.  2.  SEM  (a),  TEM  (b)  and  HRTEM  (c)  images  of  np-PdysCi^I  SEM  images  of  np-Pd5oCu5o  (d),  np-Pd  (e)  and  np-Pd30Cu7o  (f). 


Most  of  the  diffraction  peaks  can  also  be  ascribed  to  Al  and 
Al3Pd  alloy  phases.  When  the  Cu  content  further  increases,  the 
diffraction  patterns  of  the  precursor  alloy  change  obviously,  indi¬ 
cating  the  formation  of  Cu-based  alloy  phase  such  as  CuAl  phase. 
The  complicated  diffraction  patterns  of  PdCuAl  alloys  suggest 
the  existence  of  multiple  alloy  phases.  Interestingly,  as  discussed 
below,  although  multiple  alloy  phases  exist  in  the  alloys,  a  uni¬ 
form  single-phase  PdCu  alloy  and  pure  Pd  can  be  formed  after 
dealloying. 


When  the  alloys  are  etched  in  1  M  NaOH  solution  at  room  tem¬ 
perature,  Al  can  be  easily  and  selectively  removed.  Fig.  lb  shows 
the  XRD  patterns  of  the  resulted  nanoporous  metals  after  dealloy¬ 
ing.  For  np-Pd,  the  three  diffraction  peaks  around  40.1,  46.7,  and 
68.1  {20)  are  in  good  agreement  with  those  of  standard  diffractions 
from  face-centered  cubic  (fee)  pure  Pd  as  denoted  by  the  dotted  line, 
indicating  the  removal  of  Al.  For  each  of  the  three  np-PdCu  alloys, 
there  are  also  three  diffraction  peaks  emerged,  which  are  located 
between  the  projected  20  values  for  pure  Pd  and  Cu,  indicating 
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Fig.  3.  XPS  spectra  of  Pd  3d  (a,  c  and  e)  and  Cu  2p  (b,  d  and  f)  for  np-Pd75Cu25  (a  and  b),  np-Pd5oCu5o  (c  and  d)  and  np-PchoCu™  (e  and  f). 


the  formation  of  single-phase  uniform  fee  PdCu  alloy  structure.  No 
diffraction  peaks  related  to  pure  Pd,  Cu,  or  their  oxides  are  observed. 
By  comparison  with  np-Pd,  the  diffraction  peaks  of  np-PdCu  alloys 
shift  to  higher  angles  with  an  increase  in  Cu  content  because  of  the 
substitution  of  smaller  Cu  atoms  for  Pd. 

Fig.  2a  shows  the  SEM  image  of  the  resulted  sample  upon 
dealloying  of  Pdi5Cu5Al8o  in  1  M  NaOH  solution  for  24 h  at  room 
temperature.  It  was  observed  that  the  obtained  np-Pd75Cu25  has 
an  open  bicontinuous  spongy-like  morphology  with  a  narrow  lig¬ 
ament  (i.e.,  the  interconnected  elongate  alloy  particles)  size  at 
~6nm.  Fig.  2b  gives  the  corresponding  TEM  image,  in  which 
the  color  contrast  between  the  dark  ligaments  and  bright  pores 
further  indicates  the  formation  of  three-dimensional  (3D)  bicon¬ 
tinuous  interpenetrating  ligament/pore  structure.  Fig.  2c  provides 
a  high-resolution  TEM  (FIRTEM)  image  of  the  sample,  where  the 
continuous  ordered  lattice  fringes  are  well  resolved.  The  lattice 
spacing  across  the  ligament  is  calculated  to  be  ~0.220  nm,  corre¬ 
sponding  to  the  distance  of  the  (111)  crystal  plane  of  fee  Pd75Cu25 
alloy.  This  value  is  in  excellent  agreement  with  the  value  (0.220  nm) 
calculated  by  Vegard’s  law.  These  electron  spectroscopy  charac¬ 
terizations  demonstrate  that  during  dealloying  of  PdCuAl  ternary 
alloy,  as  Al  is  leached  away,  the  remained  Pd  and  Cu  atoms  can 


inter-diffuse  at  the  solution/solid  interface  and  self-assemble  to 
form  3D  bicontinuous  nanoporous  structure  with  uniform  PdCu 
alloy  ligaments.  Fig.  2d  and  e  shows  the  typical  SEM  images  of 
the  resulted  samples  by  dealloying  Pd10CuioAl80  and  PdAl  alloys, 
respectively,  under  the  same  conditions.  As  observed,  the  obtained 
np-Pd50Cu5o  and  np-Pd  also  have  similar  3D  bicontinuous  struc¬ 
tures  with  ligament  size  of  ~6nm.  Fig.  2f  shows  the  SEM  image 
of  np-Pd30Cu70  obtained  by  dealloying  Pd6Cui4Al80  alloy.  It  is 
observed  that  the  ligament  size  of  np-Pd30Cu70  (15  nm)  is  larger 
than  that  of  other  nanoporous  PdCu  alloys  (~6nm).  It  is  gener¬ 
ally  recognized  that  the  dealloying  process  involves  the  dissolution 
of  the  less  noble  element  and  the  formation/coarsening  of  the 
nanoporous  structure  by  surface  diffusion  of  the  nobler  element. 
The  diffusion  rates  of  the  nobler  metals  at  the  solution/alloy 
interface  during  the  dealloying  play  key  roles  in  determining  the 
ligament  size  of  the  formed  nanoporous  metals.  Nanoporous  met¬ 
als  such  as  Pt  and  Pd  with  ultrafine  ligaments  (less  than  10  nm)  are 
usually  formed  during  the  dealloying  due  to  the  slow  diffusion  rate 
of  Pt  and  Pd,  while  nanoporous  Cu  with  large  ligament  size  (more 
than  lOOnm)  is  usually  formed  due  to  the  fast  diffusion  rate  of  Cu 
[33  ].  Thus,  when  the  Cu  content  is  <50  at.%,  the  large  amount  of  Pd 
can  slow  down  the  diffusion  of  Cu  at  the  solution/alloy  interface 
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Fig.  4.  CVs  of  np-Pd75Cu25  at  different  scan  cycles  in  1.0  M  H2S04  solution  (a);  LSVs  of  np-Pd  and  pretreated  np-PdCu  in  0.1  M  HClO4  +  0.1  M  HCOOH  solution  (b);  electro¬ 
chemical  stripping  curves  of  the  four  samples  after  1  h  of  FAO  in  0.1  M  HC104  +  0.1  M  HCOOH  solution  under  0.1  V  vs  RHE  (c);  mass  current  densities  of  the  four  samples  in 
0.1  M  HCIO4  +  0.1  M  HCOOH  solution  (d);  LSVs  of  np-Pd50Cu5o  with  different  ligament  sizes  in  0.1  M  HCIO4  +  0.1  M  HCOOH  solution  (e).  Scan  rate:  50  mV s_1 . 


forming  np-PdCu  with  ultrafine  ligaments.  When  the  Cu  content 
further  increases  to  70at.%,  the  slow-down  effect  of  Pd  (30at.%) 
decreases,  resulting  in  np-PdCu  with  a  relatively  larger  ligament 
size. 

It  is  worth  mentioning  that  the  ligament/pore  size  of  the 
nanoporous  alloys  is  also  depended  on  the  dealloying  time.  For 
example,  by  extending  the  dealloying  time  from  24  to  48  h,  the 
ligament  size  of  np-Pd5oCu5o  increased  from  ~6  nm  to  ~1 5  nm  (fig¬ 
ure  not  shown).  This  phenomenon  is  due  to  the  fact  that  after  the 
removal  of  Al,  the  surface  atoms  (Pd  and  Cu)  can  still  diffuse  along 
the  solution/alloy  interface  when  the  porous  alloy  surface  is  in  con¬ 
tact  with  the  electrolyte.  Thus,  the  ligament/pore  size  can  be  tuned 
by  simply  adjusting  the  dealloying  time. 

XPS  is  further  used  to  examine  the  surface  properties  of  np- 
PdCu.  The  binding  energies  of  Pd  3d5/2  region  for  Pd75Cu25  (Fig.  3a), 
Pd5oCu5o  (Fig.  3c)  and  Pd3oCu7o  (Fig.  3e)  are  located  at  335.4, 
335.6  and  336.0  eV,  respectively,  revealing  a  shift  to  higher  bind¬ 
ing  energy  with  increasing  Cu  content,  as  compared  with  335.1  eV 
for  pure  Pd  [35].  The  shift  of  the  binding  energy  for  Pd  in  np- 
PdCu  could  be  ascribed  to  the  charge  transfer  between  them  due  to 
the  formation  of  the  PdCu  alloy  as  demonstrated  by  XRD  analysis. 
Fig.  3b,  d  and  f  shows  the  Cu  2p  spectra  for  Pd75Cu25,  Pd5oCu5o 
and  Pd30Cu70,  respectively.  The  spectra  show  the  presence  of 


both  metal  Cu  (932.2  eV)  and  CuO  (935.3  eV)  which  is  character¬ 
ized  by  the  presence  of  a  satellite  signal  at  ~942.5eV  [35].  Note 
that  some  Cu20  should  also  exist  on  the  surface.  Flowever,  it 
is  hard  to  be  discriminated  from  Cu  due  to  their  same  binding 
energy. 

3.2.  Electrocatalytic  activities  of  np-PdCu  towards  FAO 

In  this  work,  the  electrocatalytic  activities  of  np-PdCu  alloys 
for  FAO  were  examined  to  evaluate  their  potential  value  as  anode 
catalysts  in  DFAFC.  Fig.  4a  shows  the  change  of  cyclic  voltammo- 
grams  (CVs)  of  np-Pd75Cu25  with  increasing  scan  cycles  in  1.0  M 
FI2S04  solution  (pretreatment).  At  the  first  scan,  np-PdCu  alloys 
show  a  big  anodic  peak  at  0.3-0.7V,  which  is  due  to  the  oxida¬ 
tion  of  exposed  Cu  atoms  on  alloy  surface  [27].  This  peak  decreased 
with  the  increase  of  scan  cycles  and  disappeared  at  the  ninth 
cycle.  Meanwhile,  the  peaks  for  the  reduction  of  metal  oxides  at 
ca.  0.65  V  shifted  positively  and  the  peaks  for  hydrogen  adsorp¬ 
tion/desorption  at  0-0.3  V  increased  with  the  increase  of  scan 
cycles.  After  the  ninth  scan,  the  CV  of  np-PdCu  was  the  same  as  that 
of  np-Pd  and  changed  negligibly  with  further  scan.  These  results 
indicate  the  dissolution  of  Cu  on  the  alloy  surface  and  formation  of 
a  nearly  pure  Pd-shell  by  the  electrochemical  pretreatment.  Other 
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Fig.  5.  LSVs  of  np-Pd  (a),  np-Pd75Cu25  (b),  np-Pd5oCu5o  (c)  and  np-Pd30Cu7o  (d)  in  0.1  M  HC104  +  0.1  M  HCOOH  solution  before  and  after  long-term  potential  cycles  from  0.6 
to  0.9  V  in  0.1  M  HC104  solution.  Scan  rate:  50mVs_1. 


PdCu  alloy  samples  have  similar  electrochemical  behaviors  as  that 
of  np-Pd75Cu25  during  the  pretreatment  except  that  as  the  Cu  con¬ 
tent  increases,  the  peak  for  the  exposed  Cu  oxidation  becomes 
larger  and  more  scan  cycles  are  needed  for  the  alloy  samples  to 
reach  the  electrochemical  steady  state.  It  should  be  mentioned  that 
after  the  electrochemical  pretreatment,  the  Cu  content  only  slightly 
decreases,  i.e.,  only  Cu  on  the  surface  site  is  dissolved  [27]. 

Fig.  4b  shows  the  linear  sweep  voltammograms  (LSVs)  of  np-Pd 
and  np-PdCu  in  0.1  M  HC104  solution  containing  0.1  M  HCOOH.  For 
all  the  four  catalysts,  a  large  current  peak  at  0.2-0.8  V  and  a  small 
shoulder  peak  at  0.8-1. OV  are  observed,  which  corresponded  to 
the  oxidation  of  FAO  via  the  direct  pathway  and  the  CO  pathway, 
respectively  [4-8,36-39].  For  the  peak  at  0.2-0.8V,  the  order  of 
surface  specific  current  densities  at  the  four  electrocatalysts  is  np- 
Pd  <np-Pd3oCu7o  <np-Pd75Cu25  <np-Pd5oCu5o.  The  highest  cur¬ 
rent  density  at  np-Pd5oCu5o  indicates  the  highest  electrocatalytic 
activity  of  np-Pd5oCu5o  towards  FAO.  For  the  oxidation  peak  at 
0.8-1 .0  V,  the  peaks  at  np-Pd7sCu25  and  np-Pd5oCu5o  are  indistinct, 
indicating  the  FAO  at  these  two  alloys  are  mainly  through  the  direct 
pathway.  However,  the  peak  at  np-Pd30Cu70  is  much  larger  (almost 
comparable  with  the  peak  at  0.2-0.8  V),  indicating  that  more  formic 
acid  is  oxidized  through  the  CO  pathway  when  the  content  of  Cu 
reaches  to  70  at.%.  This  result  also  indicates  that  the  ratio  of  Pd  and 
Cu  has  a  significant  effect  on  the  electrocatalytic  behaviors  of  the 
nanostructured  PdCu  alloy,  i.e.,  the  electrocatalytic  activity  towards 
FAO  via  the  direct  pathway  increases  as  the  Cu  content  increase  to 
50  at.%  and  then  decreases  as  the  Cu  content  reaches  to  70  at.%. 
To  further  demonstrate  the  conclusion,  electrochemical  stripping 
experiment  was  carried  out.  Fig.  4c  shows  the  electrochemical 
stripping  curves  of  the  four  samples  in  0.1  M  HC104  solution  after 
1  h  of  FAO  under  0.1  V  in  0.1  M  HCIO4  +  O.I  M  HCOOH  solution.  It 
can  be  clearly  observed  that  the  stripping  current  densities  at  np- 
PdsoCuso  and  np-Pd75Cu2s  are  much  smaller,  indicating  that  FAO  at 
these  two  samples  are  mainly  through  the  direct  pathway  with  less 
CO  produced.  The  np-Pd30Cu70  sample  generates  the  highest  strip¬ 
ping  current  density  at  a  relatively  negative  potential,  indicating 


that  more  FAO  are  through  the  CO  pathway  at  np-Pd30Cu70.  np- 
Pd  also  exhibits  a  high  current  density  at  a  slightly  more  positive 
potential.  The  negatively  shifted  peak  potential  on  np-PdCu  indi¬ 
cates  that  the  adsorption  of  CO  on  np-PdCu  is  weak  compared  with 
that  on  np-Pd,  which  is  in  good  agreement  with  results  obtained 
elsewhere  [19].  The  weak  CO  adsorption  should  be  due  to  the  elec¬ 
tronic  or  structure  modification  of  Pd  by  alloying  with  Cu  [20]. 
The  weak  adsorption  of  CO-like  reaction  intermediate  also  explains 
why  PdCu  alloys  have  higher  electrocatalytic  activities  for  FAO. 

For  practical  applications,  the  evaluation  of  mass  specific  activ¬ 
ity  of  noble  metal  is  also  very  important.  Fig.  4d  shows  the  Pd 
mass  specific  activities  of  the  as-prepared  PdCu  alloys  in  0.1  M 
HCIO4  +  O.I  M  HCOOH  solution.  It  is  found  that  np-Pd50Cu5o  also 
has  the  highest  mass  specific  activity.  Although,  the  surface  spe¬ 
cific  activity  of  np-Pd70Cu30  is  quite  low,  its  mass  specific  activity 
is  slightly  higher  than  that  of  np-Pd7sCu25  due  to  the  low  content  of 
Pd  in  the  Pd70Cu30  sample.  It  is  also  clear  that  all  the  alloy  samples 
have  much  higher  mass  specific  activity  compared  with  np-Pd. 

The  effect  of  the  ligament  size  on  the  FAO  activity  was  also  tested 
with  np-Pd5oCu5o  as  the  representative.  As  shown  in  Fig.  4e,  the 
current  density  of  FAO  on  the  sample  with  a  ligament  size  of  ~6  nm 
is  slightly  higher  than  that  on  the  sample  with  the  ligament  size  of 
~1 5  nm.  This  result  indicates  that  np-PdCu  with  a  smaller  ligament 
size  has  a  relatively  higher  electrocatalytic  activity  [39].  Thus,  the 
lower  catalytic  activity  of  np-Pd30Cu70  as  mentioned  above  should 
be  partly  attributed  to  its  larger  ligament  size.  Nevertheless,  it  is 
clear  that  the  main  reason  for  the  remarkably  decreased  catalytic 
activity  and  changed  electrocatalytic  behavior  of  np-Pd30Cu70  is 
due  to  the  change  of  alloy  ratio  because  the  change  of  ligament  size 
from  6  to  1 5  nm  only  slightly  affects  the  catalytic  activity. 

Besides  the  required  high  activity  for  electrocatalysts,  the  sta¬ 
bility  is  also  of  importance  for  practical  applications.  Therefore, 
we  further  measured  the  stabilities  of  np-PdCu  alloys  by  contin¬ 
uous  cyclic  potential  scan  from  0.6  to  0.9  V  in  0.1  M  HC104  solution. 
As  shown  in  Fig.  5,  after  10,000  potential  cycles,  the  electrocat¬ 
alytic  activities  of  all  the  four  samples  decreased.  In  comparison, 
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Fig.  6.  Electrochemical  potentiostatic  currents  for  np-PdCu  alloys  and  np-Pd  in 
0.1  M  HC104  +  0.1  M  HCOOH  solution  at  0.2  V  vs  RHE. 

the  decreased  intensity  of  np-Pd5oCu5o  is  the  lowest,  indicating  the 
best  stability  of  this  alloy  sample.  It  is  also  interesting  to  observe 
that  for  the  np-Pd30Cu7o  sample,  not  only  the  current  density  is 
decreased,  but  also  the  shape  of  the  curve  changed.  The  peak  at 
0.2-0.8  V  became  much  smaller  (smaller  than  that  at  0.8-1. 0  V), 
indicating  that  as  the  potential  cycle  increases,  the  FAO  on  the  np- 
Pd3oCu7o  sample  through  the  direct  pathway  decreases.  The  change 
of  the  catalytic  behavior  of  the  np-Pd30Cu70  sample  should  be  due 
to  the  continuous  potential  cycling  which  rearranges  the  surface 
atoms.  It  is  known  that  in  acidic  aqueous  solutions,  Pd  atoms  on 
the  surface  are  removable  during  the  electrochemical  oxidation  and 
reduction  process.  However,  the  real  reason  for  the  change  of  the 
catalytic  behavior  still  needs  further  study. 

Further  evaluation  of  the  catalytic  durability  was  conducted 
by  chronoamperometry.  As  shown  in  Fig.  6,  at  the  beginning  the 
potentiostatic  currents  decreased  rapidly  for  all  catalysts  due  to 
the  formation  of  double  layer  capacitance.  The  following  current 
decrease  should  originate  from  the  loss  of  surface  active  sites 
caused  by  the  adsorption  of  intermediate  species  on  the  catalyst 
surface  [40,41].  The  current  densities  at  np-Pd5oCu5o  and  np- 
Pd75Cu25  are  higher  and  decrease  more  slowly  compared  with 
that  at  np-Pd3oCu7o  and  np-Pd,  which  is  due  to  the  higher  elec- 
trocatalytic  activities  and  less  CO  poisoning  of  np-Pd5oCu5o  and 
np-Pd75Cu25.  This  is  in  good  agreement  with  the  results  obtained 
by  linear  sweep  voltammetry  and  CO  electrochemical  stripping  test 
as  discussed  above. 

As  to  the  origin  of  the  enhanced  performance  of  np-PdCu  alloys, 
during  potential  scan  in  the  acid  solution,  Cu  atoms  on  np-PdCu  sur¬ 
face  are  gradually  dissolved,  and  the  left  Pd  atoms  will  undergo  a 
reconstruction  process  to  form  a  nearly  pure  Pd  shell  with  the  resid¬ 
ual  Cu  atoms  buried  within  the  sub-surface  atomic  layers.  These 
sublayer  Cu  atoms  may  provide  an  electronic  modification  for  the 
topmost  Pd  layer  by  a  surface  strain  effect  or  alloying  effect  [42,43], 
which  may  provide  unique  surface  sites  for  formic  acid  adsorption 
and  subsequent  electro-oxidation.  It  has  also  been  demonstrated 
that  the  change  of  d-band  center  of  metal  catalysts  can  significantly 
influence  their  catalytic  reaction  kinetics  by  altering  the  adsorption 
energies  of  reaction  intermediates  [18].  By  density  functional  the¬ 
ory  (DFT)  calculation,  Fouda-Onana  and  Savadogo  have  reported 
that  after  the  incorporation  of  Cu  (from  0  to  50at.%),  the  d-band 
center  of  Pd  shifts  to  a  lower  value  of  -2.638  eV  from  -1.843  eV. 
When  the  Cu  content  reaches  75at.%,  the  d-band  center  shifts  to 
-2.798  eV  [44].  The  decreased  d-band  center  would  result  in  the 
weakening  of  CO  adsorption  and  retaining  the  high  activity  of  np- 
PdCu  towards  FAO  [45].  However,  based  on  the  result  obtained  in 
this  work  (np-Pd3oCu7o  has  a  much  lower  catalytic  activity  and  dif¬ 
ferent  catalytic  behavior),  other  factors  such  as  morphology,  surface 


state  of  alloy,  etc.  also  play  important  roles  in  the  overall  catalytic 
activity. 

4.  Conclusions 

Nanoporous  PdCu  alloys  with  uniform  ligament  size  and  con¬ 
trollable  bimetallic  ratio  are  straightforwardly  fabricated  by  a 
simple  dealloying  process.  Electrochemical  measurements  demon¬ 
strated  that  the  incorporation  of  Cu  greatly  enhanced  both  the 
electrocatalytic  activity  and  stability  of  the  Pd-based  nanoporous 
catalysts  towards  FAO.  Especially,  np-Pd5oCu5o  shows  superior  cat¬ 
alytic  activities  and  is  more  resistant  to  surface  poisoning  compared 
with  other  np-PdCu  alloys  and  np-Pd.  It  was  also  demonstrated 
that  the  alloy  ratio  has  a  significant  effect  on  the  catalytic  behav¬ 
ior  of  the  nanoporous  alloys.  For  np-Pd75Cu25  and  np-Pd50Cu50, 
the  FAO  is  mainly  through  the  direct  pathway.  When  the  Cu  con¬ 
tent  reaches  70  at.%,  more  formic  acid  are  electroxidized  via  the  CO 
pathway.  These  results  indicate  the  potential  application  of  the  np- 
PdCu  alloys  in  direct  formic  acid  fuel  cells.  In  addition,  the  present 
preparation  strategy  is  simple,  green,  and  applicable  to  large-scale 
synthesis. 
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